Abstract: Lophopyrum elongatum, a close relative of wheat, provides a source of novel genes for wheat improvement. Molecular markers were developed to monitor the introgression of L. elongatum chromosome segments into hexaploid wheat. Existing simple sequence repeats (SSRs) derived from genomic libraries were initially screened for detecting L. elongatum loci in wheat, but only 6 of the 163 markers tested were successful. To increase detection of L. elongatum specific loci, 165 SSRs were identified from wheat expressed sequence tags (ESTs), where their chromosomal positions in wheat were known from deletion bin mapping. Detailed sequence analysis identified 41 SSRs within this group as potentially superior in their ability to detect L. elongatum loci. BLASTN alignments were used to position primers within regions of the ESTs that have sequence conservation with at least 1 similar EST from another cereal species. The targeting of primers in this manner enabled 14 L. elongatum markers from 41 wheat ESTs to be identified, whereas only 2 from 124 primers designed in random positions flanking SSRs detected L. elongatum loci. Addition and ditelosomic lines were used to assign all 22 markers to specific chromosome locations in L. elongatum. Nine of these SSR markers were assigned to homoeologous chromosome locations based on their similar position in hexaploid wheat. The remaining markers mapped to other L. elongatum chromosomes indicating a degree of chromosome rearrangements, paralogous sequences and (or) sequence variation between the 2 species. The EST-SSR markers were also used to screen other wheatgrass species indicating further chromosome rearrangements and (or) sequence variation between wheatgrass genomes. This study details methodologies for the generation of SSRs for detecting L. elongatum loci.
Introduction
Tertiary gene pools from related species are an attractive source of new genetic variation for wheat improvement. Lophopyrum elongatum (Host) A. LÅve [syn. Thinopyrum elongatum or Agropyrum elongatum], a closely related species to bread wheat, is tolerant to many biotic and abiotic stresses. Lophopyrum elongatum has been exploited for a wide range of traits including resistance to pests and diseases (Sharma et al. 1989; Shukle et al. 1987; Friebe et al. 1996; Yang and Ren 2001; Shen et al. 2004) , and adaptive mechanisms to drought (Roundy 1985) , waterlogging (Taeb et al. 1993) , and salinity (Omielan et al. 1991; Deal et al. 1999) . Exploiting this genetic resource has become an objective within many wheat improvement initiatives and involves the introgression of small portions of L. elongatum chromosome segments into wheat. Previously, molecular techniques involving in situ hybridization and molecular markers, such as RFLPs (for review see Fedak 1999) , have been used to identify small segments of alien chromatin. With the studies in this paper, the aim to define new markers to increase the efficiency of screening large population sizes for detecting small alien segments required the development of alternative marker systems.
Microsatellite markers or simple sequence repeats (SSRs) have become a valuable tool for genetic studies, as they are able to efficiently screen large population sizes. SSRs have been used in a variety of plant species and in genetic mapping initiatives for cereals including wheat (Bryan et al. 1997; Roder et al. 1998) , barley (Ramsay et al. 2000) , and rice (Temnykh et al. 2000) . Microsatellites are highly reproducible codominant markers that offer the potential for automation, facilitating the rapid screening of plant lines (for review, see Gupta et al. 1999) . The process of SSR-marker development from genomic libraries is justified for major crop species, but it is too expensive and labor intensive for related species that lack significant agricultural importance. Studies have explored the possibilities of using genomic SSRs generated from 1 species for use in related species. Rarely, however, has a significant number of SSR markers been transferred across species and used in alien introgression studies (Roder et al. 1995; Peil et al. 1998 ). An alternative is to use the increasing availability of other sequencing resources from crop species for developing SSR markers in related species.
The increasing availability of DNA-sequence information from public databases provides a valuable resource for SSRmarker development. The International Triticeae EST Cooperative (ITEC), together with other sequencing projects, provided more than 500 000 cereal EST sequences to the public domain. Contributing to the EST initiative is the physical mapping of more than 5000 of these sequences in wheat. Cytogenetic resources have been used to position wheat ESTs into 159 deletion bins, which has resulted in assigning chromosomal locations to more than 16 000 loci across the wheat genome (http://wheat.pw.usda.gov/wEST/binmaps/) (Qi et al. 2002) . This mapping information is a useful resource for the development of novel molecular markers. Expressed sequences represent transcriptional regions of the genome and show a high degree of DNA conservation between species. Consequently, utilizing this sequence information for the generation of SSRs may increase the potential of detecting L. elongatum loci in wheat. Furthermore, the assignment of ESTs to specific locations on the wheat genome and their potential transferability enables detailed comparative genome analysis between species. The exploitation of existing EST-sequence information offers a new resource for the development of SSR markers suitable for detecting L. elongatum loci in wheat.
The main aim of this study was to use mapped wheat ESTs as the basis for developing SSR markers capable of detecting L. elongatum loci in wheat. The objectives included (i) comparing the ability of genomic-derived wheat SSR markers to detect L. elongatum loci, (ii) assigning EST-SSR markers to regions of L. elongatum chromosomes, and (iii) comparing the physical locations of the EST-SSRs on wheat and L. elongatum chromosomes.
Materials and methods

Plant materials and DNA extraction
Bread wheat (Triticum aestivum L. 'Chinese Spring' (CS); 2n = 6x = 42; genome AABBDD) and a CS -Lophopyrum elongatum amphiploid (Host A. LÅve; 2n = 8x = 56; genome AABBDDEE) were used to first identify L. elongatum loci. Seven wheat -L. elongatum addition lines and 12 ditelosomic lines (4ES and 5ES lines were unavailable) were also used to assign loci to L. elongatum chromosome arms. The addition lines were checked cytogenetically and contained the correct chromosome complement, except for the 1E addition line, which contained either monosomic or disomic L. elongatum chromosomes (McDonald et al. 2001) . Additionally, nullitetrasomic lines were selected to confirm the deletion mapping information for some of the ESTs used in this study. The cytogenetic stocks were obtained from J. Dvorák (University of California, Davis, California, USA) (Dvorák and Knott 1974) . The Lophopyrum intermedium allohexaploid ('Oahe'; 2n = 6x = 42; genome EEEEXX), and P29, a group 7 wheat -L. intermedium disomic substitution line , obtained from H. Ohm (Purdue University, Indiana, USA) were also analyzed. DNA from all lines was extracted from leaves following the phenolchloroform extraction method of Francki et al. (1997) .
Genomic SSRs and database mining of mapped ESTs for EST-SSR development
Wheat genomic SSRs were selected from across the wheat genome for detection of L. elongatum loci. One hundred thirty-eight Xgwm (Roder et al. 1998 ) and 25 Xgdm (Pestova et al. 2000) SSRs were used for this purpose.
As of November 2003, a total of 5651 5′-EST sequences consisting of 16 603 mapped loci in wheat were available from the EST deletion mapping initiative (http://wheat.pw. usda.gov/cgi-bin/westsql/map_locus.cgi). EST sequences from each of the 7 wheat chromosome groups were downloaded in FASTA format for input into SSR detection and analysis software. RepeatMasker software (http://www.repeatmasker. org/) was used to screen the ESTs for simple and compound microsatellites using default settings, with "DNA source: grasses", and the "only mask simple sequence repeat and low complexity DNA" option selected. EST-SSRs with at least 5 di-, tri-, tetra-, or penta-repeats were selected.
Identification of conserved regions of ESTs and primer design for detecting L. elongatum loci
The ESTs containing SSRs were used in BLASTN analysis (version 2.2.6) against EST databases from wheat (Triticum aestivum), rice (Oryza sativa), barley (Hordeum vulgare), maize (Zea mays), rye (Secale cereale), and Triticum monococcum. Conserved regions within the ESTs that flanked the SSR motif were identified by sequence alignment with at least 1 other grass species and defined as having greater than 85% identity, or 80% identity with 2 other species over the primer annealing site. BLASTN analysis used "cost to open a gap: 11" and "cost to extend a gap: 1" parameters.
Primer3 and Primer Express software were used to design primers flanking SSRs (http://www-genome.wi.mit.edu/cgibin/primer/primer3_www.cgi) (Rozen and Skaletsky 2000; Applied Biosystems) . Sequence information was provided in FASTA format, with the "target" option used to ensure primers were designed within conserved regions flanking the repeat motif. Default settings were used from Primer3 and Primer Express software, with "optimum primer size: 20 bp" and "optimum temperature: 60°C". When using Primer3 software, GC% was restricted from 20% to 80%. Primers were designed to amplify products of size 150-500 bp and were assigned a Xedm (X EST derived microsatellite) designation according to the order in which they were identified. The strategy for identifying EST-SSRs and primer design is detailed in Fig. 1 .
PCR amplification and allele sizing
Amplification of EST-SSR markers and the identification of L. elongatum loci was first optimized using CS and CS -L. elongatum amphiploid genomic DNA. Annealing temperatures were optimized for each primer pair, with the thermal cycling conditions outlined in Table 1 . Those SSRs able to detect L. elongatum amplicons in the amphiploid were screened against DNA from the 7 addition lines and 12 ditelosomic lines to assign markers to L. elongatum chromosome arm locations. PCRs contained 1.5 mmol MgCl 2 /L, 0.2 mmol of each deoxynucleotide/L, 0.3 mmol of each primer/L, 1× PCR buffer (Fischer Biotech, Perth, Australia), 0.5 U Taq DNA polymerase (Fischer Biotech, Perth, Australia), and 25 ng template DNA in a 25 µL reaction volume. PCR products were separated on 8% polyacrylamide gels in 0.5× Tris-borate-EDTA using a Protean II xi Cell gel system (BioRad, California, USA). Gels were electrophoresed at constant voltage (90 V) for 16 h, stained with ethidium bromide, and visualized under UV light with a Gel Doc System (BioRad, Milan, Italy).
Results
Identification of genomic and EST-SSRs detecting L. elongatum loci in wheat
SSRs derived from genomic libraries and previously reported to be distributed across the wheat genome were initially screened to assess their suitability to detect L. elongatum loci in wheat. In a preliminary analysis, 138 Xgwm (Roder et al. 1998 ) and 25 Xgdm (Pestova et al. 2000) markers were used to screen genomic DNA from CS and the amphiploid. Only 6 SSRs derived from genomic libraries detected polymorphic L. elongatum amplicons using a range of PCR cycling conditions (Table 1) , indicating low levels of detectable L. elongatum markers (Table 2) .
To increase the detection of loci L. elongatum, SSR markers were developed from wheat ESTs. Initially, primers were designed that randomly flanked repeat motifs within the ESTs. One hundred twenty-four Xedm markers were designed and screened against DNA from CS and the CS -L. elongatum amphiploid. Eighty-eight markers amplified CS DNA, but only 2 of these detected L. elongatum amplicons, representing less than 3% efficiency in marker identification. The low efficiency when primers were designed randomly flanking repeat motifs supported the need for a more targeted approach to primer design.
The efficiency of loci detection was increased through identifying SSR markers by having primers located within conserved flanking regions of wheat ESTs (see Fig. 1 for a summary of this strategy). An example of primers positioned within conserved regions in an EST is shown in Fig. 2 . The multiple sequence alignment of Xedm80 shows the forward and reverse primers located within conserved regions flanking the repeat motif. The forward primer has 100% identity with a T. monococcum and barley EST, and the reverse primer has 100% identity with T. monococcum and 80% barley. Variation in repetitive sequences between members of the Triticeae was observed, as the number of (GCT) repeats is reduced from 8 in wheat to 4 in T. monococcum, and none in barley. A total of 41 Xedm markers were developed by targeting primers within similar conserved EST regions, and 39 amplified wheat genomic DNA (Table 3 ). The screening of CS and the CS -L. elongatum amphiploid showed that 14 of these Xedm markers amplified 17 loci in L. elongatum (Table 2) indicating a significant improvement in the efficiency of detecting L. elongatum markers in wheat. An ex-ample of the amplification of polymorphic loci using Xedm80 as a marker is shown in Fig. 3 . A 200-bp fragment was amplified by Xedm80 in the amphiploid, but not detected in the wheat parent, indicating an L. elongatum locus. Further analysis using CS -L. elongatum addition and ditelosomic lines localized this marker to the short arm of the Lophopyrum group 6 chromosome (Fig. 3) .
Assigning SSRs to L. elongatum chromosome locations
To provide an informative source of markers, SSRs were 1  94°C  ----40  94°C  50°C  72°C  72°C  2  94°C  ----40  94°C  55°C  72°C  72°C  3  94°C  ----40  94°C  60°C  72°C  72°C  4  94°C  10  94°C  55-47°C  72°C  30  94°C  47°C  72°C  72°C  5  94°C  10  94°C  60-50°C  72°C  30  94°C  50°C  72°C  72°C  6  94°C  10  94°C  65-55°C  72°C  30  94°C  55°C  72°C  72°C   Table 1 . PCR conditions used to amplify Xedm and Xgwm SSRs using genomic DNA from wheat and wheat -L. elongatum aneuploid lines.
assigned to chromosome locations in L. elongatum. The 22 markers (Xgwm and Xedm) were initially assigned to chromosomes via addition lines, and then the markers assigned chromosome arm locations by screening with ditelosomic lines. The location of all Xgwm and Xedm markers detecting L. elongatum loci in wheat are shown in Fig. 4 . A total of 26 loci are distributed across 6 of the 7 chromosomes, with 4 markers (Xgwm335, Xedm8, Xedm28, and Xedm96) amplifying loci on more than 1 chromosome. Interestingly, no markers were assigned to L. elongatum group 4. Nine of the EST-SSR markers were assigned to more precise L. elongatum chromosome locations, based on their position on wheat nonhomoeologous chromosome arms by deletion mapping. Table 3 shows that each of the remaining Xedm markers were derived from wheat chromosome groups 1-5 and were located on nonhomoeologous L. elongatum chromosomes 2, 3, 5, 6, or 7. For each of these markers nullitetrasomics were used to confirm the wheat chromosomal locations derived from deletion mapping (http://wheat.pw. Note: Xgwm and Xgdm markers were derived from genomic libraries (Roder et al. 1998; Pestova et al. 2000) , Xedm (variable) SSRs were designed with primers randomly positioned in unconserved regions of wheat ESTs, while Xedm (conserved) SSRs were designed with primers within conserved regions of ESTs. ESTs from which Xedm SSRs were designed are identified by GenBank accession number; repeat motif information and wheat deletion mapping information is provided (Sourdille et al. 2004 ).
Primer sequence information and PCR conditions are also detailed for both Xedm and Xgwm markers. The chromosome positions of markers identifying polymorphic L. elongatum loci are indicated, as are those Xedm markers that were designed with primers in conserved regions of the wheat ESTs.
a Numbers refer to PCR conditions in Table 1 .
b Deletion mapping information was removed from EST-SQL database after marker development.
c Indicates whether primer was designed for a conserved (Y) or variable (N) region. Table 3 .
(concluded).
markers were confirmed to be on the expected wheat chromosome, whereas 2 mapped to other regions. The assignment of SSRs to L. elongatum chromosomes enables these Xedm markers to be used as more informative markers for monitoring alien chromosome introgression.
Transferability of SSRs to L. intermedium
The ability of EST-derived SSR markers to detect loci in related wheatgrass species was assessed through amplification of Lophopyrum intermedium genomic DNA. Four Xedm markers (Xedm16, Xedm34, Xedm105, and Xedm109) positioned on L. elongatum chromosome 7E were used to amplify loci in an L. intermedium group 7 substitution line containing chromosome 7X 7E (P29). Although sequences were amplified in L. intermedium 'Oahe' (original donor of alien group 7 in P29), no marker was able to distinguish L. intermedium group 7 from wheat loci in P29 (Fig. 5) .
Discussion
The design of SSRs from EST databases is a new ap proach to identifying markers for detecting alien chromatin in wheat. The present study described the development of SSR markers for detection of L. elongatum loci. Although genomic-derived SSRs and randomly designed primers flanking SSRs in ESTs were screened, their low efficiency in detecting loci (5% and 2%, respectively) emphasized the importance of using a more targeted approach. Transfer of wheat EST-SSRs to L. elongatum was achieved through the design of primers in conserved regions identified by BLASTN searching of related ESTs from other species. The identification of L. elongatum loci and their ability to be assigned chromosomal locations makes EST-SSRs attractive markers for the characterization of wheat lines containing L. elongatum chromosome segments.
In this study, more than 150 SSR markers developed from wheat genomic libraries (Roder et al. 1998; Pestova et al. 2000) were screened as potential L. elongatum markers, but only 6 identified L. elongatum amplicons in wheat. The low number of markers detecting in L. elongatum loci in wheat is most likely due to the fact that more than 75% of the wheat genome is composed of repetitive DNA (for a recent review, see Appels et al. 2003) , which are typically species specific. Therefore, a large proportion of genomic-derived SSRs may have been derived from repetitive elements that were not transferable across species to L. elongatum. Previous work has demonstrated that the transferability of genomic SSRs across plant species is unpredictable. For example, studies between wheat and Hordeum chilense report that 36% of the Xgwm SSR markers tested could be used for analysis of introgression lines (Hernandez et al. 2002) , whereas other studies show that transferability is lower within families and species (Brown et al. 1996; Chee et al. 2004 ). Inability to detect loci across species is most likely due to primers being positioned within regions of the genome that have inconsistent sequence conservation. By ensuring that targeted sequences are highly conserved between 2 species, microsatellite markers derived from ESTs are likely to be transferable across species. The methodologies detailed in this study could be applied to other species, in an attempt to increase SSR availability and for comparative genome analysis, particularly in those species without extensive genomic and DNA-marker resources. For example, recent studies across legume species have shown DNA-sequence conservation of expressed sequences between Medicago truncatula, Glycine max, and Arabidopsis thaliana (Yan et al. 2004 ) could potentially identify a number of EST-SSR markers for Lupinus angustifolius (Francki and Mullan 2004) .
ESTs assigned to specific locations on wheat chromosomes by RFLP deletion mapping were deliberately targeted so that L. elongatum loci could be assigned to nonhomoeologous chromosomes. A high degree of synteny exists between wheat and many of its relatives (Dvorák 1980; Devos and Gale 1997; Appels et al. 2003) . Because L. elongatum is also closely related to wheat, synteny may be extended to assign chromosomal locations of EST-SSRs from wheat to L. elongatum. Only 9 of the 16 Xedm markers could be assigned to homoeologous regions of L. elongatum chromosomes. The remaining Xedm markers were located to other regions of the L. elongatum genome, indicating either a nonsyntenic relationship between some regions of the wheat and L. elongatum genome or amplification of paralogous sequences when converting EST-SSRs to a PCR-based system. In this study, Xedm markers not assigned to homoeologous L. elongatum chromosomes were mapped to their respective wheat chromosomes by nullisomic-tetrasomic analysis (data not shown). The genetically mapped Xgwm markers and their positions on nonhomoeologous chromosomes provide further evidence for breaks in synteny between wheat and wheatgrass genomes. Dvorák (1980) reported homoeology were assigned via analysis of addition and ditelosomic lines. Markers were assigned more precise physical locations when L. elongatum loci amplified on chromosomes homologous to wheat locations assigned via deletion bin mapping. Markers positioned on nonhomologous L. elongatum chromosomes are indicated by shading; for wheat deletion bin locations refer to Table 3 . Asterisk indicates SSR marker located on other L. elongatum chromosomes. Fig. 5 . EST-derived SSR markers, Xedm16, Xedm105, Xedm109, and Xedm34, amplifying loci in 'Chinese Spring' (Chin Spr), Chin Spr -L. elongatum amphiploid (Amphi), Lophopyrum intermedium ('Oahe'), and P29, a group 7 wheat -L. intermedium disomic substitution line ). Bands were separated on an 8% polyacrylamide gel and visualized under UV light after staining with ethidium bromide. Band sizes were estimated from the 100 bp ladder, with the L. elongatum loci indicated for each marker by an arrow.
between wheat and L. elongatum chromosomes; but translocations and inversions between the 2 species were also identified.
More recently, studies have shown that chromosomes from some cereals have remained mostly conserved, whereas others have undergone major structural rearrangements during speciation (Gale and Devos 1998) . This has been extended to include the A, B, and D genomes of bread wheat and the C genome of its wild relative, Aegilops markgrafii (Peil et al. 1998) . It is still unknown what level of conservation exists between wheat and wheatgrass genomes, but preliminary results from this study indicate that synteny between wheat and L. elongatum may be more complicated than previously thought. Whereas there are indications that breaks in synteny do exist between wheat and wheatgrass genomes, we cannot exclude the possibility that paralogous sequences in different genomes are confounding comparative genome analysis. The assignment of multiple loci to several L. elongatum chromosomes provides evidence of these paralogous sequences. Although synteny was useful in localizing some Xedm markers to small regions of the L. elongatum genome, further localization of nonhomoeologous Xedm and Xgwm markers to specific regions on L. elongatum chromosomes will require the exploitation of translocation lines or genetic mapping information.
The identification of Xedm markers that detect L. elongatum loci indicates that they may also amplify loci in other related wheatgrass species. However, 4 Xedm markers amplifying loci from chromosome 7E in L. elongatum were unable to distinguish L. intermedium from wheat loci in P29. This line contains a group 7 substitution from the X genome in L. intermedium Francki et al. 1997) . It is likely that the 7X and 7E chromosomes and their sequences are significantly diverged where EST-SSR markers were unable to detect similar alleles in the homoeologous wheatgrass chromosomes.
ESTs are becoming widely used in the development of new markers in both plants and animals (Eujayl et al. 2002; Mamo et al. 2003; Scott et al. 2000) . The exploitation of existing EST databases utilizes a readily available resource that can be used as a platform from which markers in wheatgrass may be identified with minimal time or expense. This approach has provided numerous SSR markers that complement the existing markers used to characterize wheat genotypes with smaller L. elongatum chromosome segments. Sequence analysis has enhanced the efficiency of EST-SSR marker development through the identification and targeting of primer design within conserved regions. Accessing ESTs with known physical locations on the wheat genome enabled, in some cases, a more precise assignment of the markers to L. elongatum chromosome locations. This information has also provided preliminary information on DNAsequence diversity and synteny within wheatgrass and between other cereal genomes.
